Glutamic acid decarboxylase (GAD) 65 is one of the major pancreatic antigens targeted by self-reactive T cells in type I diabetes mellitus. T cells specific for GAD65 are among the first to enter inflamed islets and may be important for the initiation of autoimmune diabetes. However, we previously reported that nonobese diabetic (NOD) mice transgenic for a T cell antigen receptor (TCR) specific for one of the immunodominant epitopes of GAD65, peptide 286-300 (G286), are protected from insulitis and diabetes. To examine whether other GAD65-reactive T cells share this phenotype, we have generated TCR transgenic NOD mice for a second immunodominant epitope of GAD65, peptide 206-220 (G206). As in G286 mice, G206 mice do not develop islet inflammation or diabetes. When adoptively transferred along with diabetogenic T cells, activated G206 T cells significantly delayed the onset of diabetes in NOD.scid recipients. Both G206 and G286 T cells produce immunoregulatory cytokines IFN-␥ and IL-10 at low levels when activated by cognate antigens. These data suggest that GAD65-specific T cells may play a protective role in diabetes pathogenesis by regulating pathogenic T cell responses. A better understanding of the functions of autoreactive T cells in type I diabetes will be necessary for choosing desirable targets for immunotherapy.
T ype I diabetes mellitus in humans is an autoimmune disease that results from the selective destruction of pancreatic ␤-cells by T cells (1, 2) . The nonobese diabetic (NOD) mouse develops spontaneous autoimmune diabetes that shares many characteristics with the human disease (1, 3, 4) . The principal islet cell antigens targeted by autoreactive T cells in NOD mice include insulin (5) , glutamic acid decarboxylase 65 (GAD65) (6) , 65-kDa heat shock protein (7) , and islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) (8) . Among these, T cell responses to GAD65 and insulin are detected early preceding the onset of clinical disease (3-5 weeks of age in the NOD mouse) (9) (10) (11) . This result has led to the speculation that GAD65 may be among the first autoantigens targeted by T cells that initiate the diabetes pathogenesis.
The hypothesis for a pathogenic role of GAD65 is supported by a GAD65-specific T cell clone that induces insulitis and diabetes upon adoptive transfer (12) and by the finding that prevention of GAD65 expression in the pancreatic islets by GAD antisense cDNA prevented diabetes (13) . In contrast, induction of deletional T cell tolerance by widespread expression of a GAD65 transgene did not alter diabetes pathogenesis (14) but exacerbated the disease (15) . In addition, several GAD65-specific T cell clones, lines, and T cell antigen receptor (TCR) transgenic mice were not pathogenic and exhibited a diabetesdelaying capacity (16) (17) (18) . Thus, it appears that GAD65 may not be a required initiating antigen for diabetes pathogenesis but rather induces a protective response.
To further examine the functions of GAD65-reactive T cells in the pathogenesis of diabetes, we have generated TCR transgenic NOD mice for the two immunodominant CD4 ϩ T cell epitopes of GAD65, p286-300 and p206-220 (19, 20) . The phenotype of p206-220-specific TCR transgenic mice (G206) presented here is similar to that seen in p286-300-specific TCR transgenic mice (G286) (18) . Neither transgenic line develops diabetes or insulitis (inflammation of islets). Upon adoptive transfer along with diabetogenic T cells, antigen-activated G206 and G286 T cells both delayed diabetes onset. These observations have important implications for the design of antigen-specific immunotherapies and argue against a therapy aimed at deleting GAD65-specific T cells in type I diabetes patients.
Materials and Methods
Generation of G206 NOD Mice Transgenic for a TCR Specific for Peptide 206-220 (p206) of GAD65. A GAD65 p206 (TYEIAPVFVL-LEYVT)-specific T cell hybridoma was obtained by fusion of BW5147 T cell hybridoma with CD4 ϩ spleen cells from an unimmunized, unmanipulated 12-week-old NOD female at the time of normal diabetes onset. The p206 TCR (V␣5-J␣45; V␤8.2-J␤2.4) was cloned by RT-PCR from this hybridoma by using primers designed at the beginning of the leader segment of V and in the intron Ϸ200 bp downstream of the J segment for both ␣ and ␤ chains. The TCR␣ and -␤ variable region sequences were subcloned from genomic DNA into previously described expression vectors containing TCR regulatory and constant regions (pT␣cass, pT␤cass) (21) .
The linearized Ϸ20-kb TCR␣ and Ϸ22 kb TCR␤ constructs were injected into NOD embryos. Potential founders in which Ͼ98% of peripheral blood T cells express the transgenic TCR␤ chain were identified by flow cytometry using V␤8.1͞8.2-specific antibody. The genomic integration of transgenic TCR␣ chain was determined by PCR using the following primers for V␣5: CGGGGTGCAGATAGACTCAC (forward) and GTTCTA-AGTCAGGCTGAGTG (reverse).
Data presented here were obtained from one (referred to as G206) of the three transgenic lines we established, all of which produced similar results in in vitro and in vivo analyses. Unless indicated, female mice were used in all experiments. All animal studies have been approved by Stanford University's Administrative Panel for Laboratory Animal Care.
Detection of Insulitis and Diabetes. Insulitis was assessed in G206 mice and their nontransgenic littermates by counting inflamed islets in paraffin-embedded pancreas sections that were cut 100 m apart and stained with hematoxylin and eosin (Histo-Tec, Hayward, CA). At least 10 islets per mouse, three or four mice per group, were scored as no insulitis, periinsulitis (infiltrates surrounding islets), or intrainsulitis (severe infiltration into the islets).
Diabetes incidence was followed by biweekly measurement of urine glucose levels by using Chemstrips (Roche Diagnostics). Mice were considered diabetic on two consecutive high glucose readings (Ͼ100 g of glucose per dl) and were killed.
Cyclophosphamide dissolved in sterile PBS (0.2 mg͞g of body weight) was injected i.p. to accelerate diabetes onset in 7-to 9-week-old NOD mice (22) . A second injection was given 2 weeks later. NOD.RIP-huGAD.A mice were bred with G206 and G286 mice. Peripheral blood leukocytes of all F 1 progeny were screened by flow cytometry for G206 or G286 TCR expression. The presence of RIP-huGAD transgene in genomic DNA was determined by PCR as described (23) . NOD.RIP-huGAD.Yline males were crossed with G206 and G286 females. All male F 1 progeny (which are RIP-huGAD ϩ ) were screened for transgenic TCR expression by flow cytometry.
Flow Cytometry. FITC-, peridinin chlorophyll protein-, and phycoerythrin-conjugated antibodies against CD3 (17A2), CD4 (RM4-5), CD8 (5H-10), and TCR V␤ 8.1͞8.2 (RM5-2) (BD Biosciences) were used. Lymphocytes were stained in PBS͞1% FCS for 30 min at 4°C following the manufacturer's instructions. Data were collected on unfixed cells immediately after staining and were analyzed by using CELLQUEST software (Becton Dickinson). IL-2, IFN-␥, tumor necrosis factor ␣ (Pharmingen), IL-5, and IL-10 (Endogen, Cambridge, MA) secreted by activated T cells into the culture supernatant were measured by ELISA following the manufacturer's instructions (Pharmingen and Endogen) and as described (18) . Detection was by a peroxidase staining system.
Antigens used in in vitro T cell activation include synthetic peptides p206 (TYEIAPVFVLLEYVT), p286 (KKGAAAL-GIGTDSVI), and pOVA (residues 323-339 of chicken ovalbumin, ISQAVHAAHAEINEAGR) (all three peptides are presented by I-A g7 ), as well as recombinant GAD65 produced by baculovirus expression system (19) . ) from newly diabetic NOD mice were injected into the tail vein of 6-to 8-week-old female NOD.scid mice, with or without the addition of G206 splenocytes that were activated or not with p206 (10 g͞ml) for 48 h. Final volume of all injections was 100 l per mouse in PBS͞0.1% BSA.
Statistical Analysis. Statistical significance of delay in diabetes onset in adoptive transfer studies (see Fig. 6 ) was determined by Student's t test.
Results

T Cell Development in G206 TCR Transgenic NOD Mice.
A TCR specific for p206 of GAD65 was cloned from splenic T cells of an unimmunized NOD mouse at the time of normal diabetes onset (see Materials and Methods). Subsequent studies showed that p206 was one of the immunodominant epitopes of GAD65 in NOD mice (19, 20) . We produced NOD mice transgenic for p206-specific TCR (G206) in which Ͼ98% of peripheral CD4 
T cells (as well as CD8
ϩ T cells; data not shown) express the transgenic TCR␤ chain (V␤8.2), in comparison with Ϸ23% in nontransgenic littermates (Fig. 1A) . Genomic integration of transgenic TCR V␣5 was confirmed by PCR (Fig. 1B) . Because of the lack of specific antibodies and incomplete allelic exclusion (see below), transgenic V␣5 expression at mRNA and protein levels could not be determined. However, the fact that T cells isolated from V␤8.2 ϩ transgenic mice proliferate and produce cytokines in vitro in a p206-specific manner (see below) indicates that a functional TCR pair is expressed.
In contrast to G286 mice showing no detectable skewing to the CD4 ϩ single-positive phenotype (18) , G206 mice exhibited a slight but noticeable skewing to CD4 ϩ T cells in the thymus and periphery when compared with wild-type NOD (Fig. 1C) , as is observed in other TCR transgenic systems (24) . Histological analysis of thymic architecture did not reveal noticeable differences between G206 mice and NOD mice (E. Ranheim, University of Wisconsin, Madison, personal communication).
Whereas GAD65-reactive T cells have been isolated from the pancreatic lymph nodes and spleens of diabetic NOD mice (10, 11) , it is poorly understood how such T cells escape negative thymic selection and reach the periphery. Skewing to CD4 ϩ T cells observed in G206 mice (Fig. 1B) suggests that p206-specific T cells undergo some positive selection. However, G206 mice crossed onto NOD TCR C␣ Ϫ/Ϫ produced an extremely low number of mature single-positive thymocytes ( Fig. 2A ) and had a significantly reduced level of peripheral T cells (Fig. 2B ). This result indicates that thymic survival of G206 T cells depends on the rearrangement and expression of endogenous TCR␣ chains. G286 thymic selection is similar, although more G206 T cells are positively selected on the C␣ Ϫ/Ϫ background than G286 T cells (18) . Other studies also described rescue of self-reactive TCRs from negative selection by expression of a second TCR␣ chain (25) (26) (27) .
Despite being an enriched source of G206 TCR transgenic T cells, G206, C␣ Ϫ/Ϫ mice had low numbers of T cells present, limiting the use of those T cells for functional studies. All experiments shown below were performed with T cells isolated from G206 mice.
Antigen-Specific Proliferation and Cytokine Production by G206 T
Cells. T cells present in the lymph nodes and spleens of G206 mice proliferated specifically in response to peptide p206 and recombinant GAD65 protein upon ex vivo stimulation (Fig. 3) . As expected, the observed antigen-specific proliferation is mostly that of CD4 ϩ T cells; depletion of CD4 ϩ T cells from G206 splenocytes almost abrogated p206-specific proliferation (Fig. 3C ).
When activated with p206, G206 T cells produced low levels of IFN-␥ and IL-10 that were undetectable in nontransgenic T cell cultures (Fig. 4) . Whereas anti-CD3 stimulation induced IL-5 and tumor necrosis factor ␣ production by G206 T cells, these cytokines were not detectable when the same cells were stimulated with p206 (data not shown). The amount of IFN-␥ produced by G206 T cells was typically Ϸ10 ng͞ml and far lower than that produced by conventional T helper (Th)1 cells (Ͼ300 ng͞ml) (28, 29) . The amount of IL-10 produced by G206 T cells was Ϸ200 pg͞ml, much lower than that produced by Th2 cells (28, 29). The concomitant production of low-level IFN-␥ and IL-10 was also observed with G286 T cells (18) and in other systems, including the GAD65 epitope p521-535-specific T cell response in NOD mice (30) (31) (32) . These studies have not yet resolved whether IFN-␥ and IL-10 are produced by the same T cells or by different subsets of T cells of the same antigen specificity.
T cells capable of responding to their antigen in vitro can be tolerant to the same antigen in vivo (33) (34) (35) . To address this possibility, G206 mice were immunized with p206 in incomplete Freund's adjuvant (IFA), and ex vivo T cell proliferation assays were performed 5 days later with draining lymph node cells. In a representative experiment, T cells from IFA-injected and IFA͞p206-immunized G206 mice showed stimulation indexes of 5 and 20, respectively, suggesting G206 T cells can be activated in vivo. This result suggests that the lack of disease in G206 mice is not due to the tolerant state of otherwise pathogenic G206 T cells.
Lack of Insulitis and Diabetes in G206
Mice. None of the G206 females developed diabetes, whereas Ϸ90% of the nontransgenic littermates were diabetic by 40 weeks of age (Fig. 5) . G206 mice displayed no signs of insulitis at 12 weeks of age (50 islets scored from five mice), whereas age-matched, nontransgenic littermates showed 30% periinsulitis and 70% intrainsulitis (40 islets scored from four mice). At 25 weeks of age, wild-type NOD exhibited severe intrainsulitis in the few remaining islets (10 islets scored from five mice), but G206 mice still lacked any signs of islet inflammation (70 islets scored from seven mice).
Cyclophosphamide treatment, known to accelerate diabetes onset in NOD mice (22) , failed to induce diabetes in all eight G206 mice tested (7-9 weeks of age) after two cyclophosphamide injections, whereas seven of nine age-matched, nontransgenic littermates became diabetic.
Delay of Diabetes Onset by Activated G206 T Cells.
To examine the role of G206 T cells in diabetes pathogenesis, we used an adoptive transfer model in which splenocytes from overtly diabetic NOD females are transferred to NOD.scid recipients that do not normally develop autoimmune diabetes caused by the lack of T and B cells. More than 80% of the NOD.scid mice develop diabetes within 6 weeks of receiving diabetogenic splenocytes (Fig. 6 ). Interestingly, a significant delay in diabetes onset was observed when p206-activated G206 splenocytes were transferred along with diabetogenic splenocytes (Fig. 6A) . CD4 ϩ T cells positively sorted from p206-activated G206 splenocytes alone delayed the onset of diabetes induced by diabetogenic splenocytes, whereas the CD4-depleted fraction did not (Fig.  6B) . Adoptive transfer of G206 T cells alone, regardless of in vitro activation with cognate peptide before transfer, did not cause disease in the NOD.scid recipients for the duration of the 10-week study (Fig. 6A) .
A similar diabetes-delaying capacity was observed with G286 T cells (18) . The protection by activated G206 and G286 T cells was not complete, and all mice that received diabetogenic splenocytes eventually developed diabetes (Fig. 6) (18) . The lack of complete protection may be because pathogenic cells have a greater proliferative potential than in vitro-activated G206 and G286 T cells, and over time cell populations with pathogenic potential outnumber and overwhelm the disease-delaying capacity of activated G206 or G286 cells.
Lack of Insulitis and Diabetes in G206 and G286 Mice Overexpressing
Human GAD65 in the Pancreas. The dose of antigen applied to stimulate naive T cells is one factor that influences differentiation of CD4 ϩ T lymphocytes into Th1 or Th2 subsets (36, 37) . Exposure to a high antigen dose tends to drive differentiation of naive CD4 ϩ T cells into Th1-type cells producing IFN-␥, whereas exposure to a low dose of the same antigen induces the T cells to differentiate into Th2-type cells producing IL-4 (38-41). We speculated that Ϸ10-fold lower expression levels of GAD65 in the pancreas of mice than those in rats and humans (42) might be preventing G206 and G286 T cells from developing into pathogenic effectors in the periphery. To examine this possibility, we crossed G206 and G286 mice with NOD mice overexpressing human GAD65 under the rat insulin promoter (NOD. RIP-huGAD) (23) . Two different NOD.RIP-huGAD lines (23) Fig. 5 . Lack of diabetes in G206 TCR-transgenic NOD mice. Diabetes incidence was determined in G206 females and their nontransgenic female littermates (NOD) by measuring urine glucose levels. Fig. 6 . Delay of diabetes onset in NOD.scid recipients after adoptive transfer of activated G206 T cells along with diabetogenic splenocytes. The numbers and types of cells used in A are 10 7 diabetogenic splenocytes (db); 10 7 G206 splenocytes, activated or not; and 4 ϫ 10 6 activated G206 splenocytes (with p206 in vitro). The numbers and types of cells used in B are 10 7 diabetogenic splenocytes (db); 10 6 p206-activated G206; 2.5 ϫ 10 5 CD4 ϩ cells from p206-activated G206 splenocytes; and 8 ϫ 10 5 CD4 Ϫ cells from p206-activated G206 splenocytes. n ϭ 10 per group. Diabetes incidence was monitored by measuring urine glucose levels twice a week. Student's t test was performed between ''db'' and ''dbϩactivated G206 (whole or CD4 ϩ splenocytes)'' groups. #, Time points showing a significant delay in diabetes (P Ͻ 0.05).
were used: the NOD.RIP-huGAD65.A line carrying the transgene as a hemizygous autosomal trait and the NOD.RIPhuGAD65.Y line carrying the transgene in the Y chromosome.
Diabetes incidence in NOD.RIP-huGAD65.A mice maintained in our colony was significantly lower than in wild-type NOD (Fig. 7) or the same strain originally described in ref. 23 . NOD.RIP-huGAD65.A in our colony developed insulitis at a much slower rate than wild-type NOD; at 10 weeks of age, NOD.RIP-huGAD.A mice lacked any insulitis (30 islets scored from three mice), whereas age-matched wild-type NOD exhibited 50% no insulitis, 15% periinsulitis, and 35% intrainsulitis (40 islets scored from 40 mice). At 16 weeks of age, the levels of severity of insulitis in two groups were similar (Ϸ20% no insulitis, Ϸ30% intrainsulitis, and Ϸ50% periinsultis). Repeated backcrosses to the NOD background since the original description of NOD.RIP-huGAD.A mice may be contributing factors to the observed decrease in disease progression.
NOD mice double-transgenic for RIP-huGAD.A and G206 TCR (Fig. 7) or G286 TCR (data not shown) did not develop diabetes and had no insulitis at all ages examined (data not shown). Likewise, none of the double-transgenic mice from the crosses between G206 (or G286) females and NOD.RIPhuGAD.Y males developed insulitis or diabetes (data not shown). Thus, G206 and G286 T cells do not acquire a pathogenic phenotype in the NOD mouse regardless of GAD65 expression levels in the pancreas.
The presence of the RIP-huGAD transgene did not alter CD4͞CD8 ratios in G206 and G286 mice (data not shown). Splenocytes from the G206 ϩ , RIP-huGAD.A ϩ and G286 ϩ , RIP-huGAD.A ϩ double-transgenic mice showed an in vitro proliferative response and cytokine production profiles that were indistinguishable from G206 and G286 mice (data not shown).
Discussion
GAD65 is one of the potential target autoantigens in immunotherapies for treatment and prevention of type I diabetes. Therefore, the role of GAD65-specific immune responses in the pathogenesis of diabetes should be better understood. To that end, we generated NOD mice transgenic for TCRs specific for I-A g7 -restricted CD4 ϩ T cell epitopes p286 (G286 mice) (18) and p206 (G206 mice; present study). Neither transgenic line developed diabetes or insulitis. Upon adoptive transfer along with diabetogenic T cells, activated G206 and G286 T cells significantly delayed the onset of diabetes in recipient NOD.scid mice.
This report adds to the growing evidence that the GAD65-specific immune response does not per se induce disease. In fact, with one exception (12) , most T cell clones, T cell lines, and TCR-transgenic T cells specific for GAD65 either failed to induce diabetes or in some cases protected against diabetes progression (17, 43) . T cells shown to be capable of causing insulitis and͞or diabetes are specific either for insulin (44) or for unknown pancreatic islet antigens (45, 46) . Regarding immunotherapies, we emphasize that the GAD65-specific response is not associated with disease induction but may play a protective role by down-modulating pathogenic responses.
The mechanisms by which G206 and G286 T cells delay the onset of diabetes are unclear. We speculated that the lack of a proinflammatory, pathogenic phenotype in G206 and G286 mice might be due to the low-level expression of GAD in the pancreas of mice compared with those of rats and humans. This possibility has been excluded because increased GAD65 expression in the pancreas of G206 and G286 mice did not induce insulitis or diabetes ( Fig. 7 and accompanying text) .
Another plausible mechanism is the regulation of pathogenic autoimmune responses by G206 and G286 T cells by means of the production of low-level IFN-␥ and IL-10. In contrast to the proinflammatory effects of IFN-␥ at relatively high concentrations, low-dose IFN-␥ appears to exert global suppressive effects on T cell trafficking and may have an antiinflammatory effect (47) . In some autoimmune disease models, such as experimental autoimmune encephalomyelitis and collagen-induced arthritis (48), disease incidence and severity are frequently increased in IFN-␥-deficient animals. A possible mechanism for this may be that IFN-␥ can induce indoleamine 2,3-dioxygenase expression and subsequent tryptophan catabolism in antigen-presenting cells (49) , which in turn down-regulate T cells interacting with affected antigen presenting cells. Low-level production of IFN-␥ may be one mechanism for avoiding autoimmunity and may at least partially account for the lack of inflammatory disease in G206 and G286 mice. In addition, G206 and G286 T cells produce an immunosuppressive cytokine, IL-10 (50, 51), which may further contribute to their diabetes-delaying capacity. The importance of IFN-␥ and IL-10 production by G206 and G286 T cells is being investigated by use of blocking antibodies in transgenic mice and by crossing onto IL-10-null NOD mice.
Low-level expression of the TCR may also be responsible for the protective phenotype of G206 and G286 T cells against diabetes. In addition to expressing a second ␣-chain (Fig. 2 and  ref. 18 ), G206 and G286 T cells may markedly down-regulate the transgenic TCR to escape thymic negative selection. In G286, for which functional MHC tetramers are available, only 10-20% of splenic CD4 ϩ T cells express the transgenic TCR (18) . This down-regulation of TCR causes G206 and G286 TCRs to exhibit low avidity (not necessarily low affinity) for MHC͞peptide ligands as was observed in G286 splenic T cells (E. Ranheim, personal communication). The low-avidity TCR-MHC͞peptide interaction may account for the low-level IFN-␥ production and protection against diabetes. In line with this possibility, some TCR-transgenic models of ␤-islet-specific autoimmunity have revealed that low levels of transgenic TCR expression tend to exert a diabetes-protective effect (52) (53) (54) . Low-level expression of self-specific TCRs may be a general mechanism for protecting against autoimmune diseases.
Finally, negative thymic selection of G206 and G286 T cells and their diabetes-protective phenotype in the periphery may be due to the expression of GAD65 in the thymus. Many ''tissuespecific'' molecules (55), especially of endocrine organ-related proteins including GAD and insulin (56) (57) (58) , are now known to be expressed at low levels in small numbers of thymic medullary epithelial cells under the control of the AIRE gene (59) . In AIRE-null mutants, T cells arising spontaneously in the thymus and specific for various self peptides escape thymic negative selection and induce organ-specific autoimmune disease in the periphery (60) . G206 and G286 TCR transgenic lines may be crossed to NOD.AIRE Ϫ/Ϫ mice to examine whether the AIREnull mutation results in decreased thymic negative selection and increased transgenic TCR expression in G206 and G286 T cells. The absence of AIRE may allow positive selection of high- Fig. 7 . Lack of diabetes in G206 ϩ , RIP-huGAD ϩ NOD mice. Diabetes incidence was assessed in (G206 ϫ RIP.huGAD.A)F 1 progeny by measuring urine glucose levels.
affinity G206 and G286 T cells and their development into pathogenic effector cells.
It is important to further examine the role of GAD65-specific T cells in the pathogenesis of diabetes. Available data suggest that responses to GAD65, at least those targeted to p206 and p286, may down-modulate pathogenic responses targeted to, for example, insulin or other unknown islet antigens. Two contradicting types of T cell responses may ensue in response to different autoantigens and have different contributions to disease progression. The balance between the two opposing responses may in part be responsible for the long lag period seen between the onset of autoimmunity (detection of T cell and antibody responses) and clinical diabetes in NOD mice (61) , as well as in humans (62) . When designing GAD65-specific immunotherapy for treatment and prevention of type I diabetes, consideration must taken to activate responses to ''protective'' epitopes while suppressing responses to ''pathogenic'' epitopes.
